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Arzanol, a natural phloroglucinol a-pyrone, protects HaCaT
keratinocytes against H,O,-induced oxidative stress,
counteracting cytotoxicity, reactive oxygen species generation,
apoptosis, and mitochondrial depolarization
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protection against hydrogen peroxide (H,O,) induced oxidative damage in HaCaT

species (ROS) generation, apoptosis, and mitochondrial membrane depolarization.
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and micro-
scopic observation. The arzanol pre-incubation (5-100 uM, for 24 h) did not induce
cytotoxicity and morphological alterations. The phloroglucinol, at 50 uM, significantly
protected keratinocytes against cytotoxicity induced by 2 h-incubation with 2.5 and
5 mM H,0,, decreased cell ROS production induced by 1 h-exposure to all tested
H,O, concentrations (0.5-5mM), as determined by the 2,7'-
dichlorodihydrofluorescein diacetate (H,DCFDA) assay, and lipid peroxidation (thio-
barbituric acid reactive substances [TBARS] method). The 2-h incubation of keratino-
cytes with H,O, determined a significant increase of apoptotic cells versus control
cells, evaluated by NucView® 488 assay, from the dose of 2.5 mM. Moreover, an evi-
dent mitochondrial membrane potential depolarization, monitored by fluorescent
mitochondrial dye MitoView™ 633, was assessed at 5 mM H,0O,. Arzanol pre-
treatment (50 uM) exerted a strong significant protective effect against apoptosis,
preserving the mitochondrial membrane potential of HaCaT cells at the highest H,O»
concentrations. Our results validate arzanol as an antioxidant agent for the preven-
tion/treatment of skin oxidative-related disorders, qualifying its potential use for cos-

meceutical and pharmaceutical applications.
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1 | INTRODUCTION

Oxidative stress in biological systems was recently defined as a
long-term and/or transient increase of steady-state reactive oxygen
species (ROS) amounts that, leading to oxidative modifications of
macromolecules, may terminate in cell death (Lushchak &
Storey, 2021). ROS can be physiologically produced and, at appropri-
ate levels, are indispensable for cell differentiation, apoptosis, and cell
survival (Bae et al., 2011), and are involved in the maintenance of
redox homeostasis. In addition to endogenous, ROS generation may
be induced by exogenous stimuli (Liu, Cheng, et al., 2023).

The skin, the largest organ in humans, is involved in many
physiological functions; however, its surface area is more vulnerable to
environmental insults than other organs. Environmental pollution,
increased ultraviolet (UV) radiation intensity, and xenobiotics can lead
to skin oxidative stress (Liu, Tang, et al., 2023; Schikowski & Krutmann,
2019). ROS excess in the skin results in structural damage, inducing
collagen degradation, lipid peroxidation, and increased cell membrane
permeability. It can lead to skin premature senescence and inflamma-
tory states, such as psoriasis and dermatitis. Moreover, the binding of
ROS to DNA can activate proto-oncogenes and cancers, such as
melanoma and squamous cell carcinoma (SCC, Bhat et al., 2015; Brand
et al., 2018; Shimamoto et al., 2019). The skin opposes this through a
proper antioxidant system, composed of enzymatic antioxidants, as well
as non-enzymatic antioxidants (Baek & Lee, 2016). However, being the
skin constantly subjected to exogenous oxidative insults, the use of
external antioxidative substances may help to reduce oxidative damage,
especially in skin pathological conditions that can be exacerbated by
oxidative stress (Calis et al., 2022; Shimamoto et al., 2019).

Among exogenous substances with antioxidant properties cur-
rently available, those derived from plants (polyphenols, tocopherols,
carotenoids, ascorbic acid, as well as components of essential oils) may
play a significant role in the defense and regenerative mechanisms of
the free radical damaged skin (Calniquer et al., 2021; Michalak et al.,
2023; Suroowan et al., 2023) acting on the skin by mechanisms of pre-
vention, interception, and repair (Michalak, 2022). Many polyphenols,
for example, can act as sunscreens and prevent the adverse effects of
UV radiation on the skin (Nichols & Katiyar, 2010), whereas others can
be radical scavengers, inhibitors of lipid peroxidation, lipoxygenases,
and elastases, or promoters of the collagen and elastin fiber synthesis,
showing anti-inflammatory, anti-allergic, anti-aging, and wound healing
properties (Guilcin, 2010; Michalak, 2022; Saha et al., 2023).

Helichrysum italicum (Roth) G. Don is a Mediterranean plant, in
popular medications used for various beneficial health effects and to
treat different skin disorders (Furlan & Bren, 2023). The H. italicum ssp.
Microphyllum, synonym of Helichrysum microphyllum Cambess. subsp tyr-
rhenicum Bacch., Brullo & Giusso (Ornano et al., 2015), an endemism of

Sardinia, Corsica, and Balearic Island, was traditionally used as a dermo-

protective product (Juliano et al., 2019). Its essential oil was found to
have many properties, but the chemical profile and biological activity
were different according to the area of collection (Angioni et al., 2003;
Juliano et al., 2019; Ornano et al., 2015). Several secondary metabolites,
such as phloroglucinols, acetophenones, pyrones, and sesquiterpenes,
isolated from the aerial parts of this subspecies, exhibited anti-
inflammatory (Appendino et al., 2007; Bauer et al., 2011) and antioxidant
activity in several models of oxidative stress (Rosa et al., 2007, 2011,
2017). Among them, the naturally prenylated pyrone-phloroglucinol
heterodimer arzanol (Figure 1) showed anti-inflammatory, anticancer,
antimicrobial, and antioxidant activities (Appendino et al., 2007;
Deitersen et al., 2021; Del Gaudio et al., 2018; Mammino, 2017;
Rosa et al., 2007, 2017; Taglialatela-Scafati et al., 2013). The anti-
inflammatory activity was explained by the inhibition of the activation
of inflammatory transcription nuclear factor kB (NFkB) and the release
of pro-inflammatory cytokines in lipopolysaccharide (LPS)-stimulated
primary monocytes (Appendino et al., 2007). Arzanol inhibited the bio-
synthesis of pro-inflammatory lipid mediators like prostaglandin E,
(PGE,) also in an in vivo rat model suppressing the inflammatory
response of the carrageenan-induced pleurisy (Bauer et al., 2011).

Arzanol was efficient in protecting different cell lines and animals
from oxidative stress (Rosa et al, 2011, 2017) and also exhibited
radical scavenging activity in various in vitro systems of lipid peroxida-
tion, surpassing or competing with standard lipophilic antioxidants,
like vitamin E, and hydrophilic ones, like vanillyl alcohol (Rosa et al.,
2007, 2011).

The HaCaT cell line is a spontaneously immortalized human kera-
tinocyte cell line from adult skin. These cells are physiologically similar
to normal human keratinocytes and retain epidermal differentiation
ability, reconstituting a stratified and differentiated epidermal struc-
ture after transplantation onto nude mice (Boukamp et al., 1988).
HaCaT cells are extensively used as a model to study the oxidative
stress in human epidermal cells, and the H,O,-induced HaCaT cell
damage model has been extensively applied to find antioxidant effects
of pharmacological treatment of skin pathologies (Bae et al., 2014;
Liu, Tang, et al., 2023; Zhang et al., 2020).

Hydrogen peroxide is a small electroneutral molecule, generated

in numerous biological processes, that reacts with transition metal

FIGURE 1 Chemical structure of arzanol.
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centers, selenoproteins, and with thiol-based proteins, such as cata-
lase, glutathione peroxidases, and peroxiredoxins (Winterbourn, 2013,
2018). H,0, is widely used to induce oxidative damage in cellular
models, and a strong production of ROS has been observed in H,O,-
treated cells (Park et al., 2020; Zhang et al., 2020).

In light of these findings, the current study, for the first time,
evaluated the protective effect of arzanol in HaCaT cells against
H,0,-induced oxidative damage. To this goal, experiments were
designed to evidence the ability of the phloroglucinol to reduce
cytotoxicity and ROS generation because of the peroxide. In addition,
the arzanol protection on apoptosis and mitochondrial membrane
potential depolarization observed in oxidated HaCaT cells were also
explored.

The results of this work were expected to provide indications on
the nature of the molecular mechanism(s) underlying the antioxidative
activity of arzanol, for future potential dermatological, cosmetic,
and pharmaceutical applications in skin oxidative-related diseases
and other related conditions.

2 | MATERIALS AND METHODS

2.1 | Materials

Cell culture materials, such as Dulbecco's Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), penicillin, streptomycin, and
trypsin 0.25%-EDTA were all purchased from EuroClone (Pero,
Ml, Iltaly). Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-
bromide (MTT), 2'7-
dichlorodihydrofluorescein diacetate (H,DCFDA), trichloroacetic acid
(TCA), 2-thiobarbituric acid (TBA), and hydrogen peroxide (H,O,)

solution 30% (w/w), were purchased from Merck Life Science (Milan,

2-yl)-2,5-diphenyltetrazolium

Italy). NucView® 488 and MitoView ™ 633 apoptosis assay kits were
obtained from Biotium (Fremont, CA, USA).

2.2 | Arzanol extraction and isolation

Arzanol (Figure 1) was isolated from an acetone extract of H. italicum
ssp. Microphyllum, collected in 2021 (Sardinia, Italy), according to liter-
ature (Appendino et al., 2007). A batch of the plant is stored in the
phytochemistry laboratory of Novara (ltaly) with the code HM-
CA2021. Approximately 500 g of the dried aerial parts (leaves and
flowerheads) were extracted two times with 2.5 L of acetone in a ver-
tical percolator. After that, the extract was filtered under vacuum in a
sintered filter to remove the vegetable material and the solvent was
then evaporated with rotary evaporator to obtain a gummish residue.
This latter residue was dissolved in EtOAc—petroleum ether solution
1:1 to promote the precipitation of arzanol. Characterization was
made by spectroscopic methods (*H NMR, 3C NMR, UV, IR, and HR-
MS), and the arzanol structure was confirmed by comparison of its
physical properties with scientific data reported by Appendino et al.
(2007). The final purity of arzanol was 98%.

AppliedToxicology—W1 LEY-—

2.3 | Cell culture

Human keratinocytes HaCaT cell line was obtained from CLS-Cell Line
Services (Eppelheim, Germany). The cells were cultured in high glu-
cose DMEM supplemented with 10% FBS, 100 units/mL of penicillin,
and 100 pg/mL of streptomycin and kept at 37°C in a water-saturated
humidified incubator at 5% CO,. The cells were split once a week
when the cells were confluent using Trypsin 0.25%-EDTA and were
plated at a density of 1 x 10°/mL and grown until reaching about

80% confluence in experimental studies.

2.4 | Cell viability (MTT) assay

The cytotoxicity of arzanol, DMSO, and H,O, was performed by MTT
assay as previously described (Kasugai et al., 1990; Petretto
et al., 2023). HaCaT cells were seeded at a density of 10* cells/well in a
96-well plate in 100 uL of complete culture medium and incubated at
37°C in 5% CO, for 48 h. The cells were treated, at 80% confluence,
for 24 h with arzanol (5-100 uM, from 10-mM stock solution in DMSO)
in a complete fresh medium. After incubation, the medium was dis-
carded and MTT reagent (0.5 mg/mL in DMEM) was added into each
well, and then the plate was incubated for 3 h at 37°C. After reacting,
the MTT solution was carefully removed from the culture plate, and the
water-insoluble formazan crystals, formed in the cells, were solubilized
by adding 100 uL of DMSO solvent into each well. The optical density
of the formazan crystals was measured at 570 nm absorbance using
spectrophotometry by an Infinite 200 Tecan microplate reader
(Salzburg, Austria). Arzanol-treated cells were compared for viability to
control cells (untreated). The optical density in untreated control cells
was evaluated 100% alive, and viability data were reported in percent-
age of respective control cells. The effect on HaCaT viability of different
amounts (from 0.05% to 1%) of DMSO (molecule vehicle), used to dis-
solve the phenolic compound, was also evaluated.

The cytotoxic effect of the oxidant H,O, was evaluated in a dif-
ferent set of experiments. Cells, at about 80% confluence, were incu-
bated for 2 h with different amounts of H,O, (0.05, 0.1, 0.25, 0.5,
0.75, 1, 2.5, and 5 mM in complete medium) and then subjected to
the MTT assay as above described.

The evaluation of the HaCaT cell morphology after incubation
with arzanol, H,O,, or DMSO was performed by microscopic observa-
tion with a ZOE™ Fluorescent Cell Imager (Bio-Rad Laboratories, Inc.,
California, USA).

2.5 | Arzanol protection against H,O, inducted
cytotoxicity

MTT viability assay was also applied to determine the rate of protec-
tion of arzanol (24 h of pre-incubation) against the cytotoxic effect
induced in HaCaT cells by H,O, exposure. Cells were seeded at a
density of 10° cells/mL in 96-well plates in a complete culture

medium. After 48 h of incubation, the cells were treated with 50 uM
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arzanol for 24 h. After the medium removal, keratinocytes were
exposed for 2 h to different concentrations of H,O, (from 0.5 to
5 mM, in DMEM solution) in the absence (oxidized controls) and in
the presence of arzanol. Cells were then subjected to the MTT assay
as described above. Viability data were expressed as a percentage of
respective control cells (untreated cells). The effect of the maximal
amount of DMSO (0.5%) was also evaluated in this system.

2.6 | Intracellular ROS assay

The redox status of HaCaT keratinocytes in response to H,O, in the
absence and in the presence of arzanol was determined. The intracel-
lular ROS production was determined by the H,DCFDA assay (Sogos
et al., 2021), a method based on the structure of 2’-7' dichlorofluores-
cein (DCF) that interacts with reactive species to lead to a fluores-
cence (Pavelescu, 2015). The acetyl groups of H,DCFDA enable
penetration through the cell membrane and, into the cell, cytoplasmic
esterases cleave it, releasing the reduced state of DCF (DCF-H,)
which reacts with intracellular reactive species and fluoresces
(Pavelescu, 2015; Petretto et al., 2023). HaCaT cells were seeded in
96-well plates at 10° cells/mL density in 100 pL/well of complete cul-
ture medium and cultured for 48 h. Then, fresh medium without (con-
trol cells) and with 50 uM arzanol was added, and cells were
incubated for a further 24 h. Next, the cells, after washing with
phosphate-buffered saline (PBS) solution (pH 7.4), were incubated
with 10 uM H,DCFDA in PBS, at 37°C for 30 min. After incubation,
the H,DCFDA solution was discharged, and cells were washed before
the addition of PBS alone in control cells or different H,O, concentra-
tions (0.5, 1, 2.5, and 5 mM) in cells without (oxidized controls) and
with arzanol pre-treatment. The effect on ROS generation was also
evaluated in HaCaT cells after 24 h of incubation with only 50 uM
arzanol. ROS production was detected and monitored (every 5 min)
for 1 h by using an Infinite 200 Tecan microplate reader at a con-
trolled temperature of 37°C. The reading was performed using an
excitation wavelength of 490 nm and an emission wavelength of
520 nm. Data were collected and analysed using the Tecan I-control

1.5 V software. Fluorescence data were normalized to control cells.

2.7 | Thiobarbituric acid reactive substances
(TBARS) assay

The antioxidant activity of arzanol against the H,O, oxidation in
HaCaT cells was also monitored by the evaluation of its effect on the
level of low-molecular-weight end products (mainly malondialdehyde,
MDA) (TBARS method), formed during the decomposition of primary
lipid peroxidation products (Aguilar Diaz De Leon & Borges, 2020;
Rosa et al., 2007). HaCaT cells were cultured in a complete culture
medium in 60 mm plates and a density of 1.5 x 10° cells/mL in 4 mL/
plate for 48 h. Afterwards, the cells were incubated in the absence
(control cells) and in the presence of 50 uM arzanol in a fresh medium

for another 24 h. After the medium removal and washing with PBS

solution (pH 7.4), keratinocytes, without (oxidized controls) and with
arzanol pre-treatment, were exposed for 1 h at 37°C to different con-
centrations of H,0, (0.5, 1, 2.5, and 5 mM) in PBS solution. After PBS
removal, 10% TCA (250 pL) was added and then cell pellets were
transferred to a tube. Aliquots (500 uL) of 0.6% TBA were added, and
cell samples were then incubated at 95°C for 45 min. After cooling on
ice, the samples were centrifuged at 5000 rpm for 10 min, and the
resulting pellets were dissolved in DMSO. TBARS production (Rosa
et al., 2007) was detected using an Infinite 200 Tecan microplate
reader. The reading was performed at 540 wavelengths. The collected
data were analysed using the Tecan I-control 1.5V software and

normalized to control cells.

2.8 | Apoptosis and mitochondrial activity assay

The protective effect of arzanol against the changes in the mitochon-
drial membrane potential and apoptosis, inducted by H,O, oxidation in
HaCaT cells, was evaluated through the NucView® 488 and Mito-
View™ 633 Apoptosis Assay Kit, as previously reported (Sogos
et al,, 2021). NucView® 488 consists of a fluorogenic DNA dye and a
DEVD substrate moiety. This complex, both non-fluorescent and non-
functional, crosses the cellular membrane, and it can be cleaved by
caspase-3/7 in the cytoplasm to release a high-affinity DNA dye that,
after migration to the nucleus, dyes DNA with green fluorescence.
MitoView™ 633, a far-red fluorescent mitochondrial dye, enters the
cell and accumulates in mitochondria, becoming fluorescent with stain-
ing dependently on the potential of the mitochondrial membrane
(higher in healthy cells and lower in apoptotic cells) (Sogos et al., 2021).
HaCaT cells were seeded onto 96-well plates at 10° cells/mL and incu-
bated for 48 h. Then, cells were treated for 24 h with 50 uM arzanol in
a fresh medium. After incubation, the medium was carefully removed
and cells were treated with NucView® 488 and MitoView™ 633 (mito-
chondrial dye) probes, according to the manufacturer's instructions,
and different concentrations of H,O, (0.25, 0.5, 0.75, 1, 2.5, and
5 mM) in fresh medium and then incubated at 37°C. The microscopic
observations were finally made after 2 and 24 h of incubation using a
ZOE™ Fluorescent Cell Imager. Instrument gain and offset values were
adjusted using control (untreated cells) and remained constant for all
subsequent experiments. Image analysis of NucView® 488 and Mito-
View™ 633 images was performed with Image) software (version
1.53e). Briefly, background fluorescence was subtracted from images,
and histogram values of fluorescence intensity were expressed as per-
cent of control cell fluorescence. For each sample, eight images (from

two different experiments) were processed for image analysis.

2.9 | Statistical analysis

All data were preliminary assessed for normal distribution with Graph
Pad INSTAT software (GraphPad Software, San Diego, CA, USA). Data
are presented as mean * standard deviation (SD) of three independent

experiments with different replicates. Multiple and two groups of data

95U8017 SUOWILIOD SAIIE1D) 3|qed! dde 8y Aq peuenob ae sapie YO ‘88N o S9N Joy Areiq1T sUIjuO AS]IA UO (SUONIPUOI-pUe-SWIBI W0 A8 | IM Ale1q 1 Bul UO//SANY) SUONIPUOD Pue SWie 1 8U) 88S *[7202/T0/80] U0 Areiqi sulju 8|1 elpd afenueD eslol(gig el ifed 1a eiseAlun Ag 05y I/200T 0T/I0p/w0d A8 | im Arelq 1 pul|UO'S euIN0 Baus oS 2o NA feue// sy W) papeojumod ‘0 ‘€92T660T



PIRAS ET AL

Journal of

comparison were analysed using one-way analysis of variance
(ANOVA) with Bonferroni post test and Student's unpaired t-test with
Welch's correction, respectively. The tests were carried out using
Graph Pad INSTAT software. Differences were considered statistically

significant when the p-value was less than 0.05.

3 | RESULTS

3.1 | Effect on HaCaT cell viability (MTT assay)

The cytotoxic potential of arzanol was evaluated by using the colori-
metric MTT assay, a method frequently used as an indicator of cell
viability, proliferation, and cytotoxicity (Petretto et al., 2023). Figure 2
shows the viability, expressed as percent of the control, induced by
incubation for 24 h with different amounts of arzanol (5-100 uM)
(Figure 2A) and DMSO (0.05-1%) (Figure 2B) in HaCaT cells.

The results of this test (Figure 2A) showed that arzanol, after 24 h
of incubation, did not decrease HaCaT cell viability at concentrations
from 5 to 100 uM with regard to control cells. DMSO, used to dis-
solve arzanol, did not affect cell viability from 0.05% to 0.5%, whereas
a 21% significant reduction in viability (p < 0.01 versus control cells)
was observed at 1% (Figure 2B).

Based on these data, a 50-uM concentration of arzanol, contain-
ing 0.5% of DMSO, was used as the tested maximal concentration of

the phloroglucinol in successive experiments.
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Figure 2C shows representative images of phase contrast micros-
copy of control HaCaT cells and cells treated for 24 h with arzanol
50 uM or DMSO 0.5%. Control (untreated) keratinocytes, at a
non-complete confluency, appeared enlarged, elongated, and linked
to each other. The arzanol treatment did not induce, from 5 to 50 uM,
a change in cell morphology and a reduction in the cell number, and
treated cells appeared very similar to control cells. The vehicle mole-
cule DMSO did not affect HaCaT cell morphology from 0.05% to
0.5%, and DMSO-treated cells showed the same microscopic features
as control cells.

MTT assay was also applied to evaluate the H,O, effect on
HaCaT cell viability. Figure 3A shows the viability (as percent of the
control) induced by 2 h-incubation with different amounts of H,O,
(0.05-5 mM) in HaCaT cells, whereas the corresponding morphologi-
cal images of phase contrast microscopy are reported in Figure 3B.

The exposure to H,O, did not markedly change the viability rate
with respect to control cells from 0.05 to 0.25 mM of oxidant. At
higher tested concentrations (from 0.5 to 5 mM), H,O, induced a sig-
nificant cytotoxic effect in a concentration-dependent manner, with
cell viability reduction values in the range of 21-83%.

Microscopic observations (Figure 3B) did not show an evident cell
morphology and density alteration in the H,O, dose range of 0.05-
0.75 mM, whereas, at the high concentrations, areas with a decreased
cell density and cell-to-cell packing were noted. Moreover, some cells
displayed an ill-defined cytoplasm, changes in size, pyknotic nuclei,

and fragmentation.
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FIGURE 2 Viability, expressed as percent of the control (0), induced by incubation for 24 h with different amounts of arzanol (5-100 uM)
(A) and DMSO (0.05-1%) (B) in HaCaT cells (MTT assay). Three independent experiments are performed, and data are presented as mean and SD
(n = 15). ** = p < 0.01 versus 0. Statistical significance of differences was assessed by one-way ANOVA and Bonferroni post test. (C) The panel
shows representative images of phase contrast of control HaCaT cells (Ctrl) and cells treated for 24 h with arzanol 50 uM or DMSO 0.5%.

Bar = 100 um. DMSO, dimethyl sulfoxide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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FIGURE 3

(A) Viability, expressed as percent of the control (Ctrl), induced by incubation for 2 h with different amounts of H,O, (0.05-5 mM)

in HaCaT cells (MTT assay). Three independent experiments are performed, and data are presented as mean and SD (n = 15). *** = p < 0.001,
** = p < 0.01 versus Ctrl. Statistical significance of differences was assessed by one-way ANOVA and Bonferroni post test. (B) The panel shows
representative images of phase contrast of control HaCaT cells (Ctrl) and cells treated for 2 h with the different amounts of H,O, (0.05-5 mM).
Bar = 100 um. ANOVA, analysis of variance; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

3.2 | Arzanol protection against H,O, inducted
cytotoxicity

The arzanol protection against H,O,-inducted cytotoxicity was then
assessed by MTT assay.

Figure 4 shows the viability, expressed as percent of control cells,
induced by 2-h incubation with different amounts of H,O, (0.5-
5 mM) in HaCaT cells measured in control oxidized samples (OX) and
in samples oxidized after a 24 h-pre-incubation with 50 uM arzanol.

A slight viability reduction was observed in the range of 0.5-
1 mM H,0, concentration both in the absence and in the presence of
arzanol. A significant protection against H,O»-induced cytotoxicity
was evident at the H,O, concentrations of 2.5 mM (p < 0.01 versus
the respective oxidized control) and 5 mM (p < 0.05), with arzanol-
treated cells showing viability, with respect to control cells, of about
55-58%.

3.3 | Intracellular ROS

The effect of arzanol against the intracellular ROS generation induced
in HaCaT keratinocytes by the H,O, treatment was determined by
the H,DCFDA assay.

Figure 5 shows the ROS-induced fluorescence, expressed as per-
cent of the control, measured during 1 h in HaCaT control cells, cells
pre-incubated with arzanol 50 uM, and cells exposed to different
amounts of H,O, (0.5, 1, 2.5, and 5 mM) in the absence (oxidized
samples) and in the presence of arzanol 50 uM (after 24 h-pre-
incubation).

The H,O,-treatment induced a significant (p < 0.001) increase in
cell fluorescence during 60 min time of exposure compared to the
ROS basal level of control cells, and the highest relative intensity of
fluorescence was observed in HaCaT keratinocytes at 5-mM

concentration.
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FIGURE 4 Viability, expressed as percent of control cells (0),
induced by incubation for 2 h with different amounts of H,O, (0.5-

5 mM) in HaCaT cells measured in control oxidized samples (OX) and
in samples oxidized after a 24 h-pre-incubation with 50 uM arzanol
(MTT assay). Three independent experiments are performed, and data
are presented as mean and SD (n = 21). *** = p < 0.001 versus
control (0) (one-way ANOVA and Bonferroni post test); °° = p < 0.01,
° = p < 0.05 between oxidized cells in the absence and in the
presence of 50 uM arzanol (Student's unpaired t-test with Welch's
correction). ANOVA, analysis of variance; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

The pre-treatment for 24 h with arzanol 50 uM significantly
(p < 0.001) reduced ROS production with respect to H,O,-oxidized
HaCaT cells at all oxidation times and oxidant concentrations, and ker-
atinocytes treated with the natural phenolic compound showed a
fluorescence emission intensity similar to that of control HaCaT cells.

Interestingly, the treatment with only 50 uM arzanol for 24 h did
not induce ROS generation in HaCaT cells and, at the lowest times of
incubation (0-40 min), measured fluorescence was lower than the
redox basal status, indicating a role of the compound in the ROS pro-

duction mechanisms.

3.4 | TBARS assay

The arzanol antioxidant activity against the formation of secondary
products of lipid peroxidation induced by H,O, in HaCaT cells was
monitored by TBARS method. Figure 6 shows TBARS formation,
expressed as percent of the control, measured in control cells, cells
pre-incubated with arzanol 50 uM, and cells exposed for 1 h to differ-
ent amounts of H,O, (0.5, 1, 2.5, and 5 mM) in the absence and in the
presence (after 24 h-pre-incubation) of arzanol 50 uM. The exposure
to H,0, induced a concentration-dependent rise in the secondary
lipid oxidative products, and a marked significant (p < 0.001) increase
(188% with respect to control cells) was observed at the highest H,O,
tested concentrations (5 mM).

The cells treated with arzanol showed TBARS values similar to
control cells at all the H,O, tested concentrations, exhibiting signifi-
cant protection versus the corresponding H,O,-oxidized cells at 2.5
(p < 0.05)and 5 mM (p < 0.001).

AppliedToxicology—W1 LEY-—

3.5 | Apoptosis and mitochondrial activity

Finally, the effect of arzanol against apoptosis and changes in the
mitochondrial membrane potential induced by H,O, oxidation in
HaCaT cells was evaluated.

Figure 7A shows images of phase contrast, red emission
(MitoView 633), and green emission (NucView 488) obtained for
HaCaT control cells, cells pre-incubated with arzanol 50 uM, and
H,0,-oxidized cells in the absence and in the presence of arzanol
50 uM (24 h-pre-incubation).

Quantitative data of fluorescence intensity (expressed as a per-
centage of control cells) are depicted in Figure 7B.

Observations made after 2 h of incubation with the oxidant
ascertained a slight increase, with respect to control cells, of the apo-
ptotic signal (green staining) in cells incubated with H,O, from 0.5 to
1 mM, whereas the treatment with 2.5 and 5 mM H,O, determined a
significant (p < 0.001) increase in apoptotic cell number compared to
the control, with values of 260% and 1031% of control, respectively.
Moreover, associated altered cell morphology (brightfield) was
observed at the highest tested H,O, concentrations. H,O, oxidation
did not induce an evident change in the red fluorescence signal in the
range of 0.5-2.5 mM, whereas the dose of 5 mM markedly reduced
the red emission, indicating a depolarization of mitochondrial mem-
brane potential.

Interestingly, a strong significant (p < 0.001) protective effect of
arzanol 50 uM was evident against apoptosis induced in HaCaT cells
by 5 mM H,0,, and arzanol-treated cells showed a fluorescent inten-
sity of 280%, about three times lower than the corresponding oxi-
dized sample. However, the arzanol treatment reduced, unless not
significantly, the green signal also at the other oxidant doses.

Moreover, the phloroglucinol preserved HaCaT cells against mito-
chondrial membrane depolarization induced by 5 mM H,O, addition,
with arzanol-treated cells showing red fluorescence intensity similar
to that of control cells.

HaCaT cells treated with only 50 uM arzanol for 24 h showed a
lower apoptotic profile than control cells.

These results demonstrated a protective role of arzanol in HaCaT
cells against apoptosis and mitochondrial membrane depolarization

induced by H,O, oxidation.

4 | DISCUSSION

Arzanol, a prenylated phloroglucinylpyrone isolated from leaves and
flowerheads of H. italicum ssp. microphyllum, exhibited anti-
inflammatory, antiviral, and antioxidant properties in different in vitro
and in vivo models (Appendino et al., 2007; Rosa et al., 2007, 2017).
For the first time, in this study, the antioxidant effect of arzanol was
evaluated in human HaCaT keratinocytes against the oxidative stress
induced by H,O, with the aim of exploring its beneficial potential
effects on human skin oxidative conditions. Cultured human HaCaT
cells, being physiologically similar to normal human keratinocytes, rep-

resent a cell model amply used to assess the protective effect of
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FIGURE 5

ROS-induced fluorescence, expressed as percent of the control (Ctrl), measured for 1 h, at different time points, in HaCaT control

cells (Ctrl), cells pre-incubated with arzanol 50 uM (ARZ), and cells exposed to different amounts of H,O, (0.5, 1, 2.5, and 5 mM) in the absence
(oxidized samples, OX) and in the presence (after 24 h-pre-incubation) of arzanol 50 uM (OX + ARZ). Three independent experiments are
performed, and data are presented as mean and SD (n = 9). Evaluation of the statistical significance of differences between groups was
performed by one-way ANOVA followed by the Bonferroni multiple comparisons test. At each time point: *** = p < 0.001, ** = p < 0.01,

* = p < 0.05 versus the respective Ctrl; °°° = p < 0.001 versus the respective OX samples. ANOVA, analysis of variance; ROS, reactive oxygen

species.
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FIGURE 6 TBARS formation, expressed as percent of the control
(Ctrl), measured in HaCaT control cells (Ctrl), cells pre-incubated with
arzanol 50 uM (ARZ), and cells exposed for 1 h to different amounts
of H,0, (0.5, 1, 2.5, and 5 mM) in the absence (oxidized samples, OX)
and in the presence (after 24 h-pre-incubation) of arzanol 50 uM (OX
+ ARZ). Three independent experiments are performed, and data are
presented as mean and SD (n = 12). *** = p < 0.001 versus the Ctrl
(one-way ANOVA and Bonferroni post test); °°° = p < 0.001,

° = p < 0.05 between oxidized cells in the absence and in the
presence of 50 uM arzanol (Student's unpaired t-test with Welch's
correction). TBARS, thiobarbituric acid reactive substances.

natural extracts and compounds against oxidative stress in human epi-
dermal cells and skin pathologies (Jiang et al., 2020; Mirata
et al., 2023; Wang et al., 2022). In our experimental conditions, HaCaT
cells were cultured in DMEM medium containing high calcium (Ca%")
amount, a condition favorable for keratinocyte differentiation
(Colombo et al., 2017). Calcium represents one of the most important
inductors of keratinocyte differentiation in the epidermis, increasing

from the basal to the granular layer (Colombo et al., 2017).

At first, the cytotoxicity of arzanol on HaCaT cells was examined
after 24 h of incubation. The results of the MTT assay showed that, at
all tested concentrations, arzanol was not toxic for HaCaT cells. More-
over, confirming this, no difference in morphology was observed
between arzanol-treated and control cells. According to our results,
previous studies showed no cytotoxic effects of arzanol in peripheral
blood mononuclear cells, obtained from healthy adult donors (Bauer
et al.,, 2011), immortalized Vero cell line, and differentiated CaCo-2
cells (Rosa et al., 2011), as a model of the intestinal epithelium. Con-
versely, the phloroglucinol showed the ability to decrease viability in
cancer cells as epithelial cancer cell lines (A549, RT-112, Hela, CaCo-
2) and B16F10 melanoma cells (Bauer et al, 2011; Deitersen
et al., 2021; Rosa et al., 2017), indicating its selective cytotoxicity ver-
sus tumoral cells, maybe interacting with targets of the cell prolifera-
tion and survival signaling pathways (Rosa et al., 2017).

Then, the protective effect of 50 uM arzanol (after 24 h of pre-
incubation) was assessed by MTT assay against the rate of cytotoxicity
induced in HaCaT cells by 2 h oxidation with the peroxide H,O,. In our
experimental conditions, the exposure of keratinocytes to H,O, mark-
edly reduced viability in a concentration-dependent manner from the
dose of 0.75 to 5 mM, with a range of 30-50% cell viability observed
at 1 mM. A dose-dependent decrease in HaCaT cell viability was previ-
ously reported in HaCaT cells exposed to H,O, (100-500 uM) for
12 h, by MTT assay, with a 50% cell mortality at the concentration of
350 uM H,0, (Zhang et al., 2020), whereas a survival rate of about
60% was reported by Park et al. (2020) for HaCaT cells exposed to
500 uM H,0, for 24 h. In our study, the H,O, cytotoxic effect was
also confirmed by microscopic observation, which allowed to assess

the presence of apoptotic features and decreased cell density. Similar

95U8017 SUOWILIOD SAIIE1D) 3|qed! dde 8y Aq peuenob ae sapie YO ‘88N o S9N Joy Areiq1T sUIjuO AS]IA UO (SUONIPUOI-pUe-SWIBI W0 A8 | IM Ale1q 1 Bul UO//SANY) SUONIPUOD Pue SWie 1 8U) 88S *[7202/T0/80] U0 Areiqi sulju 8|1 elpd afenueD eslol(gig el ifed 1a eiseAlun Ag 05y I/200T 0T/I0p/w0d A8 | im Arelq 1 pul|UO'S euIN0 Baus oS 2o NA feue// sy W) papeojumod ‘0 ‘€92T660T



Journal of

PIRAS ET AL
(A)

5 . - - !
0'5mMH202 - -
45 - -
= - -
= - -
i “ - -
(B)

1200

2 (m10).¢

‘21000 OX + ARZ

g

£ 800

5

S 600

g

2 400 s

= B

E 200 ﬂ ’_L‘

o L& I
Ctrl ARZ 05 0.75 2.5 5
H,0, (mM)
FIGURE 7

o V -

(A) Representative images of phase contrast, red emission (MitoView 633, polarized mitochondria dye), and green emission

AppliedToxicology—W1 LEY-—

T - -
i --
- --

- --
ARZ+5mMH202 --

ARZGF | mMHzoz - -

(NucView 488, caspase-3 substrate) and (B) fluorescent intensity (expressed as percent of Ctrl) obtained for HaCaT control cells (Ctrl), cells pre-
incubated with arzanol 50 uM (ARZ), and cells exposed to different amounts of H,O, (0.5, 0.75, 1, 2.5, and 5 mM) in the absence (oxidized
samples, OX) and in the presence (after 24-h-pre-incubation) of arzanol 50 uM (OX + ARZ). Two independent experiments are performed, and
data are presented as mean and SD (n = 8). *** = p < 0.001, * = p < 0.05 versus the Ctrl (one-way ANOVA and Bonferroni post test);

°° =p < 0.001, ° = p < 0.05 between oxidized cells in the absence and in the presence of 50 UM arzanol (Student's unpaired t-test with Welch's
correction). (C) Magnification of a representative area from images relative to 5 mM H,O, with and without arzanol. Bar = 100 um. ANOVA,

analysis of variance.

morphological alterations were observed in other cell types exposed to
H,0,-damage, such as human umbilical vein endothelial cells, neuro-
blastoma cell line SK-N-MC, and HepG2 cells (Bayati et al., 2011;
Farshori et al., 2021; Liao et al., 2022). Pre-treatment with arzanol pre-
served HaCaT cells from H,O, cytotoxicity, and significant greater cell

viability was observed in arzanol-treated cells in comparison with those

no-treated exposed to the highest concentrations of oxidants. It was
found that H,O, lowered HaCaT cell viability by triggering DNA dam-
age and mitochondria-mediated apoptosis by promoting ROS produc-
tion (Park et al., 2020).

H,0, is widely used to induce oxidative damage in cellular
models (Park et al., 2020; Zhang et al., 2020). Because of its small size
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and lack of charge, H,O, crosses through the membrane barrier, so
exposed cells cannot block its entry, and, in vivo, can diffuse over long
distances into different organs (Lenzen et al., 2022; Mahaseth &
Kuzminov, 2017). In the cells, H,O, can interact with free Fe®* jons
and hydroxyl radical (HO®) are produced by Fenton's reaction, which
is thought to be the main mechanism for oxidative damage (Bae
et al., 2014; Bayati et al., 2011; Ransy et al., 2020; Yan et al., 2022).
The HO® radicals are extremely toxic, highly reactive with an ultra-
short half-life (1077 s), and capable of destroying any biological struc-
ture; however, their action is limited to the site of generation (Lenzen
et al., 2022; Mahaseth & Kuzminov, 2017). Hydroxy! radicals damage
DNA, acting on aromatic structures of RNA/DNA purines and pyrimi-
dines by addition reactions at double bonds, attack sugars such as
deoxyribose of DNA, and can act on biological membranes by the oxi-
dative attack on polyunsaturated lipids by hydrogen extraction, trig-
gering the autocatalytic process of lipid peroxidation (Bayati et al.,
2011; Lenzen et al., 2022; Mahaseth & Kuzminov, 2017).

In this study, the H,O, oxidation significantly induced a dose-
dependent ROS increase (H,DCFDA assay) in keratinocytes during
1 h of exposure, compared to the basal level of control cells, in line
with previous studies (Park et al., 2020; Zhang et al., 2020). Pre-
incubation for 24 h with arzanol 50 uM significantly reduced ROS
production with respect to H,O,-oxidized HaCaT cells at all oxida-
tion times and tested oxidant concentrations, confirming the antioxi-
dant properties of this phloroglucinol. Interestingly, the treatment
with arzanol 50 uM significantly reduced the level of internal physi-
ologically ROS generation in HaCaT cells with respect to control

cells.

H,0,

Then, the protective effect of arzanol against the lipid peroxida-
tion induced by H,O, in HaCaT cells was monitored by TBARS assay.
TBARS analysis is amply used to measure the formation of the sec-
ondary byproduct of lipid peroxidation, primarily composed of MDA
(Aguilar Diaz De Leon & Borges, 2020). Our data showed a significant
antioxidant activity of arzanol against lipid peroxidation, with a
remarkable reduction in TBARS generation, evident at the highest
H,O, concentrations.

According to our findings, previous studies evidenced the antioxi-
dant properties of the natural compound arzanol in different in vitro
chemical systems of lipid peroxidation and in cultured cell models of
oxidative stress. The phenolic compound preserved the oxidative
modification of pure lipids (linoleic acid and cholesterol), liposomes,
and human low-density lipoprotein (LDL), reducing the formation of
their oxidative products (hydroperoxides, oxysterols, and MDA), due
to its noteworthy efficacy in scavenging lipid peroxyl radicals (ROO®)
because of hydrogen atom donor properties (Rosa et al., 2007, 2011).
Moreover, arzanol, at non-cytotoxic concentrations, exerted notewor-
thy protection on tert-butyl hydroperoxide (TBH)-induced oxidative
damage in a line of fibroblasts derived from monkey kidney (Vero
cells) and in human intestinal epithelial cells (Caco-2) (Rosa
et al, 2007, 2011). The antioxidant activity of arzanol was demon-
strated also in the ferric-nitrilotriacetate (Fe-NTA) model of in vivo
oxidative stress. Fe-NTA administration induces in animals a state of
sustained oxidative stress in association with iron excess that leads to
high production of free radicals, especially HO® radicals (Rosa
et al., 2005, 2017). The intraperitoneal administration of arzanol

exerted a protective effect on the oxidative degradation of plasmatic
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lipids induced by Fe-NTA at 1 h of oxidation (Rosa et al., 2017). The
observed protective effect of arzanol in HaCaT cells was probably
attributable to its scavenging ability against the H,O,-induced pro-
duction of HO® and ROO"® radicals.

Previous studies evidenced that the ROS production by the H,O,
oxidation induces mitochondria-mediated apoptosis (Park et al., 2020;
Zhang et al., 2020). An increase in apoptotic cells (approximately nine-
fold higher than control cells) was previously reported for HaCaT cells
exposed to 500 uM H,0, for 24 h (Park et al., 2020). Moreover, an
increase (2.4-fold) in the caspase-3 expression was reported in HaCaT
cells after 4 h of exposure to 350 uM H,O, (Zhang et al., 2020),
coupled with a marked decrease in the mitochondrial membrane
potential. Mitochondrial membrane potential drop is a landmark event
of early apoptosis, and the expression of caspase-3 protein promoted
the acceleration of the mitochondrial apoptotic pathway (Sogos
et al., 2021; Zhang et al., 2020). Therefore, the protective effect of
arzanol against the apoptosis induced by H,O, in HaCaT cells was
evaluated, in this study, by NucView® 488 assay, which detects
caspase-3/7 activity, whereas changes in the mitochondrial membrane
potential were monitored by MitoView™ 633, a far-red fluorescent
mitochondrial dye. The 2-h incubation of HaCaT cells with H,O,
determined a significant increase, with respect to control cells, of apo-
ptotic cells from the dose of 2.5 mM, and an evident depolarization of
mitochondrial membrane potential at 5 mM. Arzanol, at 50 uM,
exerted a strong significant protective effect against apoptosis, pre-
serving the mitochondrial membrane potential of HaCaT cells at the
highest H,O, concentration.

Our results highlighted the ability of the natural phenol arzanol
to protect HaCaT cells against H,O,-induced oxidative stress. A
summary of arzanol activity reported in this study is shown in
Scheme 1.

5 | CONCLUSION

For the first time, in this study, the phloroglucinol a-pyrone arzanol
showed a significant protective effect against H,O,-induced oxida-
tive damage in HaCaT keratinocytes, a cell model extensively used
to study the oxidative stress in human epidermal cells. The natural
phenolic compound, at not-cytotoxic concentrations, showed the
ability to preserve keratinocytes from the H,O,-induced viability
reduction. Moreover, arzanol exhibited the capacity to reduce ROS
generation probably acting as a scavenger of toxic HO® radicals, the
main species of H,O, damage, and ROO® from the oxidative attack
to biological membranes, maybe acting as a hydrogen atom donor.
In addition, the compound counteracted apoptosis and mitochon-
drial membrane potential depolarization. Taken together, these
results furnished information about the potential use of arzanol for
future cosmeceutical and pharmaceutical applications in skin
oxidative-related diseases and other related conditions. However,
further investigations are essential to clarify the mechanism of arza-
nol absorption and metabolism in HaCaT cells and to confirm these

results in vivo.
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